Chemical nature of point defects, their segregation, cluster or complex formation in ZnO is an important area of investigation. In this report, 1.2 MeV Ar ion beam is used to incorporate defects in granular ZnO. Evolution of defective state with irradiation fluence 1 × 10 14 and 1 × 10 16 ions/cm 2 has been monitored using x-ray photoelectron spectroscopy (XPS),
Introduction
The presence of defects in any material is ubiquitous and ZnO is not an exception in true sense. Extensive theoretical and experimental efforts have been carried out to understand individual point defects in ZnO with specific chemical identity and their respective key role on physical and chemical properties [1] [2] [3] [4] [5] . At the same time, efforts to acquire knowledge on extended defects in ZnO such as grain boundary, dislocations also are being continued [6] [7] [8] [9] [10] .
Sometimes, point defects in the bulk migrate to the defect sink of extended defects present in the material 11 . On another side, significant numbers of studies have revealed the presence of defect clusters or pairs in the bulk of the material [12] [13] [14] [15] [16] . Indeed, it is very difficult to create and stabilize a single type of defect in a compound semiconductor because the very creation of the defect changes the Fermi level of the system and thereby alters the concentration of the other types of defects. Multiple defects, after being generated, may form cluster and/or pair to lower the local free energy and get stability. Most recent reports show enhanced thrust on this agenda to unearth real nature and energetics associated with the formation of defects in ZnO (ref. 12) . The issue becomes more challenging when impurities are incorporated in the system, intentionally 17, 18 or unintentionally 19 . Before presenting our results a survey of interesting outcomes on this agenda should be discussed here. Very recently, neutral VZnVO (zinc-oxygen divacancies) have been detected in electron irradiated ZnO single crystal 20 .
Such pairs dissociate when the crystal is annealed above 250 o C 20 . In fact, it has been shown that during growth, VZn (zinc vacancy)and VO (oxygen vacancy) simultaneously appear in the system 21 and most probably they would remain as nearest neighbour divacancies. [28] [29] [30] [31] [32] .
New and fascinating opto-electronic properties of ZnO have been theoretically predicted 3, 16, 31 and experimentally explored 14, 19, 29, 32 using native vacancy clusters as well as their effective interaction with impurity atoms.
The present report aims to provide correct and comprehensive understanding on the evolution of defective state in granular ZnO with increasing fluence of 1. Figure 1 shows the core level XPS spectra of O1s ( Fig. 1a-1c ) and Zn2p ( To comment on the metallic Zn segregation, Zn(LMM) Auger transition spectra for all three samples have also been recorded and shown in figure 3 . Each Zn (LMM) signal is resolved into two peaks by fitting Lorentzian distribution. The ZnO-IH spectra clearly shows that the weight of the lower binding energy peak (peak A in Fig. 3 ) has been notably increased compared to the ZnO-U and ZnO-IL spectra. The peak at lower energy side corresponds to the metallic Zn whereas the other (peak B in Fig. 3 In the light of XPS findings, we would like to focus on the LTPL results of the present samples. 10 K PL spectra of near band edge (NBE) for the all the three samples have been shown in figure 4 . The donor bound exciton (DBX) emission is observed at 3.365 eV (for ZnO-U & ZnO-IH) and at 3.369 eV (for ZnO-IL). The DBX peak intensity is largely affected due to ion irradiation 26 (as is also seen here) and annealing at elevated temperatures 19, 23 . So, the related shallow donor is intrinsic in nature and most probably originates from interstitial Zn (IZn) defects 1 . The thermal quenching of the DBX peak is plotted in figure 5 . The activation energies (Ea) for quenching are in the range 8.5 -10.1 meV for all the samples.
Results and discussion
Such a value of Ea nicely correlates with IZn related neutral donor defects 49 . Further, the red shifting of the DBX peak with the increase of temperature has been fitted ( Higher disorder induces a loss of long range crystalline symmetry and hence decrease of intensity of E2 (high) Raman mode is clearly observed. Further, irradiation causes evolution of another broad Raman mode (520-600 cm -1 ) which is commonly attributed to VO and/or IZn type defects i.e., oxygen deficient disordered state 55, 58 . The deconvolution of the broad Raman mode gives three different peaks centered ~ 540, 560 and 575 cm -1 (Fig. 8) (Fig. 8 inset) . In this context, it is plausible to assign Based on the results discussed above we have proposed (schematically shown in fig.   9 ) a model which can be understood as a general feature of accumulation of disorder in a radiation hard material. In the low fluence regime, only scattered point defects appear in the system (Fig. 9a) 25, 60 (Fig 9c) in between them which are Zn rich.
Interstitial loops and vacancy zones nearby exist as seen by an in-situ high resolution transmission electron microscopic study of metallic Mg during ion irradiation 62 . If IZn defects present in this nano-channels with sufficient number, conductivity should increase and an insulator to metal transition can also be induced 63 . In fact, the presence of embedded metallic zinc has been found 48 in laser irradiated black ZnO. Of course, the ratio of Zn/O in the subsurface region will depend on the relative sputtering of the elements during ion beam irradiation. In the channel region, interstitial dislocation loops as well as VZn, VOs should be present. However, overall disorder can be presumed to be less than compared to situation when GB regions exist in the sample. That is why XRD peak (e.g., 002) intensity is higher even for higher fluence (Fig. 10) . Concerning the PL, voids reduce the optically active volume of the material, but the channels contribute to IZn related DBX emission. Regarding colour of the sample, it has been conjectured that red-brown appearance is related with the Zn excess in ZnO (ref. ii) After reaching this new defective state, the overall defect as probed by RBS 65 or positron annihilation spectroscopy 15 will show a saturation of defects with increasing irradiation fluence further. This is because voids now act as both sink 11 and source of vacancies and the two distinctly different regions, as depicted in fig. 9c , are in defect equilibrium. In fact, a recent work envisages that buried extended defects can make ZnO more resistant for incorporating more disoder 66 .
iii) Due to dominant IZn species (donor defects) in the nano channels, it is impossible to achieve 69 and observed by Zhang et al. 70 , Maekawa et al. 14 and several other groups.
v) The change in the dominant ~ 3.315 eV transition in Fig. 4 (commonly termed as free to bound, FB transition 9, 26 ) has not been discussed here. FB transition generally originates from localized acceptor defects in the vicinity of the GB 23 . If the new defective state (after high fluence of irradiation) evolves at the expense of grain boundary disorder, it is natural that FB peak intensity will be diminished compared to that of the DBX (IZn related) as is noticed in Fig. 4 .
vi) The modification of the disordered network due to annealing at relatively lower temperatures would be encouraging. Presumably, the system will not go back to its original granular nature and should show interesting physical properties, yet to be investigated in detail.
vii) The scenario in single crystalline ZnO will be different as such system has less inbuilt disorder (particularly GB regions) compared to that of granular materials. 
Conclusion
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